Highly ordered spinel ferrite M x Fe 3Àx O 4 (M ¼ Ni, Co, Zn) nanotube arrays were synthesized in anodic aluminium oxide (AAO) templates with a pore size of 200 nm by combining a liquid phase deposition (LPD) method with a template-assisted route. The morphology of the transition metal ferrite nanotubes was characterized by electron microscopy (FE-SEM; TEM, SAED and HRTEM) and atomic force microscopy (AFM), whereas their chemical composition was determined by inductive coupling plasma (ICP). The phase purity was studied by X-ray diffraction (XRD) and the magnetic properties of the nanotubes were measured by SQUID measurements. Unlike the deposition of thin film structures, nanotube arrays form within the pores of the AAO templates in a much shorter time due to the attractive interactions between the positively charged AAO and the negatively charged metal complex species formed in the treatment solution. The as-deposited nanotubes are amorphous in nature and can be converted into polycrystalline metal ferrites via a post-synthesis heat treatment which induce the dehydroxylation, crystallization and formation of the spinel structure. The resulting nanotubes are uniform with smooth surfaces and open ends and their wall thickness can be varied from 4 to 26 nm by increasing the deposition time from 1 to 4 h. Significant differences in the magnetic properties of the ferrite nanotubes have been observed and these differences seem to result from the chemical composition, the wall thickness and the annealing temperature of the spinel ferrite nanotubes.
Introduction
Nanotubular architectures of metal oxides have attracted a growing interest due to their unique size and shape-dependent properties which find potential applications in highly efficient selective catalysis, 1-3 chemical and biological sensing, 4-6 photonics, 7 pollutants decomposition, 8, 9 generation of hydrogen fuel, 10,11 energy conversion and storage [12] [13] [14] and biotechnology. 15, 16 In particular, one-dimensional magnetic nanostructures are very promising for the design of ultrahigh density magnetic storage media since they exhibit a structural anisotropy resulting from the nanoscale confinement in two-dimensions. 17 With the increasing trend towards miniaturization in computing and data storage, the natural tendency to achieve high areal densities in magnetic storage media consists of reducing the bit size and increasing the number of magnetic grains. However, down scaling the individual magnetic grains is limited by the disappearance of the magnetic order in 0-D magnetic structures below a critical size. This phenomenon, known as the superparamagnetic limit is the result of the thermal fluctuations which become comparable to the energy associated with the magnetic phase transition as the size of the nanoparticles is decreased below a threshold value characteristic to each magnetic material. 18, 19 This thermally activated magnetization reversal can be alleviated by replacing the 0-D nanostructures (nanodots and spherical nanoparticles) with regular arrays of 1-D nanostructures (nanowires, nanotubes, nanorods or nanobelts) which are magnetic due to their enhanced magnetic anisotropy, thereby extending the storage densities beyond the superparamagnetic limit.
Among the metal oxides, spinel ferrites MFe 2 O 4 have a particular technological relevance due to their relatively easy and low cost synthesis, high chemical stability and mechanical hardness coupled with the wide range of tunable magnetic properties by simply changing the ratio and the chemical identity of the metal ions. [20] [21] [22] [23] [24] In addition, nanotubular iron oxide nanostructures are biocompatible, have porosity and can float in fluids along with large, distinct inner and outer surfaces which enable the capture, concentration and encapsulation of different chemical and biological species being attractive as magnetic vectors in cell targeting and drug delivery, 15, [25] [26] [27] molecular and bio-separation 28, 29 and contrast agents in magnetic resonance imaging. Despite their unique physical and morphological properties and the wide range of potential technological applications, the synthesis of high quality transition metal ferrite nanotubular structures still remains a sparsely investigated area. Spinel ferrite nanotubes are conventionally prepared by template-assisted methods in which hollow 1-D structures are formed in the space confined within the pores of a template by electrodeposition of the metals followed by oxidation, 30, 31 sol-gel, 32, 33 thermal decomposition 34 or chemical vapor deposition. 35 Anodic aluminium oxide (AAO) or carbon nanotubes 36 have been used as templates and since the resulting nanotubes are usually amorphous a post-synthesis heat treatment step is needed in order to ensure the crystallization of the desired oxide. Upon the subsequent removal of the template the nanotubes can be liberated; however, in most cases are not freestanding, due to their high aspect ratio which reproduces the thickness and the pore diameter of the template.
A simple, environmentally benign and easily scalable method for the chemical deposition of thin film structures is the so-called liquid phase deposition (LPD). This approach is based on slow hydrolysis of supersaturated solutions of metal fluoro-complexes at low temperature whereby the fluoride ions in the inner coordination sphere of the metal are progressively replaced by OH À ions and/or water molecules:
Since the hydrolysis occurs via an equilibrium reaction, the formation of the metal oxide can be accelerated by adding a fluoride scavenger such as H 3 BO 3 which captures the F À ions forming water soluble complexes which can be easily removed from the solution. This method was initially developed for the deposition of thin films of binary oxides being extended to the preparation of nanotubes of binary oxides and core-shell nanotubular architectures such as TiO 2 37, 38 and CdS@TiO 2 . 39 Recently, Hsu and coworkers extended this approach to the synthesis of multicomponent oxide nanotubes, such as perovskite titanates ABO 3 (A ¼ Ba and Pb), 40, 41 whereas our research group developed a LPD-based synthetic methodology for the fabrication of highly uniform transition metal ferrite films, 42, 43 as well as magnetoelectric bilayered structures, respectively. 44 In this work we describe the first synthesis of transition metal ferrite M x Fe 3Àx O 4 (M ¼ Co, Ni, Zn) tubular nanostructures with controlled diameter and wall thickness by using a templateassisted liquid phase deposition (LPD) method. The ferrite nanotubes were obtained under nearly ambient conditions using anodic aluminium oxide (AAO) membranes with a pore of 200 nm as templates. These nanotubes can be used as templates for the design of tubular core-shell spinel-perovskite nanocomposites which can potentially exhibit an enhanced magnetoelectric effect as a result of the high interfacial coupling between the two constituent phases.
Experimental procedure
The synthesis of spinel ferrite nanotubular structures was performed in open atmosphere by using a magnetic hotplate (IKA Works, Inc.) equipped with a temperature controller and a pH electrode. Ordered arrays of ferrite nanotubes were fabricated from treatment solutions obtained by mixing a solution containing 0.25 g FeOOH dissolved in 50 ml of a 1 M NH 4 $HF solution with a homogeneous 2.22 M solution of a transition metal nitrate M(NO 3 ) 2 (M ¼ Co, Ni, Zn) and 40 ml of 0.5 M boric acid solution used as a fluoride scavenger. 42 The treatment solutions were prepared by dissolving reagent grade purity chemicals (Alfa Aesar) in deionized water (18 MU) obtained from a Barnstead Nanopure water purification system. These initial solutions were clear and retained the color of the transition metal nitrate salt without the formation of precipitates at room temperature. Prior to each experiment, Whatman Anodisc anodized aluminium oxide (AAO) templates with a thickness of 60 mm and a pore diameter of 200 nm were immersed vertically in the solution and maintained at 45 C for different time periods. During deposition the color of the AAO templates changed progressively from white color to brown. At the end of the deposition process the templates were removed from the solution, rinsed carefully with deionized water and dried at room temperature for 3 hours. Samples were subsequently annealed at temperatures 750 C for 6 hours to promote the dehydroxylation and dehydration reactions and to yield the corresponding crystalline spinel ferrite nanotubes. After the formation of the metal oxide nanotubes, the superficial metal oxide layer formed templates each side of the template was mechanically polished followed by the removal of the membrane upon immersion in a 6 M sodium hydroxide solution for 30 min, followed by washing and centrifugation in water. The resulting spinel ferrite nanotube powders were dried under vacuum for 8 h at room temperature then stored and subjected to structural characterization and the measurement of the magnetic properties.
Characterization of the spinel ferrite nanotube arrays
The identification of the crystalline phases was performed by X-ray diffraction using a Philips X'Pert system equipped with a curved graphite single-crystal monochromator (CuKa radiation; l ¼ 0.1541778 nm at 40 mA and 40 kV). Chemical composition of fabricated nanotubes was determined by inductive coupled plasma (ICP) spectroscopy, model Varian FT220S flame absorption spectrometer. Field-emission scanning electron microscopy experiments (FE-SEM) were performed with a LEO 1530VP instrument with an accelerating voltage of 200 kV for the study of the structure, surface topology and the morphological characteristics of metal oxide nanotubes. Atomic force (AFM) and magnetic force (MFM) microscopy images of the ordered nanotube arrays of spinel ferrites were collected with an MFP-3D-SA Asylum Research Atomic Force Microscope (AFM). MFM tips with field strength of $10 Oe with a vertical magnetization were used to image individual ferrite nanotubes placed horizontally on a non-magnetic substrate. Temperature dependent measurements of the magnetization of the nanotubes immobilized within the pores of the AAO templates were performed with a superconducting quantum interference device (SQUID), model Quantum Design MPMS-7XL, in the range from 5 to 300 K by applying a static magnetic field up to 6 Tesla.
Results and discussion (a) Mechanism of formation of the spinel ferrite nanotubular structures
Similar to the methodology that we developed previously for the deposition of mirror-like ferrite thin films, 42,43 nanotubular structures were synthesized method at temperatures as low as 45 C. The pH of the initial solutions ranged between 4.8 and 5.5 and progressively decreased to values between 3.9 and 4.4 at the end of the deposition process. It is worth mentioning that the formation of spinel ferrite nanotubes by the proposed templateassisted route occurs much faster than that conventional liquid phase deposition of thin film structures. Specifically, during the deposition of thin film structures turbidity is observed in the treatment solution maintained at 45 C only after 3.5-4 h and the deposition of the films is complete after 1-2 more additional hours after the solution turned cloudy. Unlike the thin film structures, under similar conditions a change in color of the AAO template is observed after 15-30 min after its immersion in the treatment solution indicating the formation of spinel ferrite nanotubes which can increase the thickness of their walls while maintained in solution up to 4-5 h, eventually leading to the formation of nanowires, depending on the concentration of the metal precursors in solution. Generally, the deposition of metal oxide nanostructures by the LPD method is considered to take place by a two-step mechanism. While in the first step the metal fluoro-complexes formed in solution undergo a slow hydrolysis process generating metal oxides, hydroxides and oxyhydroxides, in the second step these intermediates are heat-treated at temperatures typically above 450 C, thereby yielding the desired metal oxide nanostructures.
Chen and coworkers suggested that during the deposition of perovskite-type ATiO 3 nanotubes (A ¼ Ba, Sr) by a templateassisted LPD route the metal clusters, which are negatively charged attach onto the walls of the positively charged pores of the alumina template. 40 This assumption was based on the value of the isoelectric point of alumina, according to which the surface of alumina has no electrical charges at pH values between 8 and 9 whereas in acidic solutions, which are conventionally used in the deposition of metal oxides by the liquid phase deposition method [45] [46] [47] the alumina surface is positively charged. To confirm the validity of this hypothesis, a control experiment was performed by immersing an AAO membrane, a microscope slide and a 1 cm 2 piece of (100) silicon into a solution containing stoichiometric amounts of Fe 3+ and Co 2+ ions, NH 4 F.HF and boric acid. The treatment solution was subsequently heated to 45 C. After 30 min, at this temperature the membrane gradually changed its color from white to light brown, whereas no deposition of thin films was noticed onto the glass and silicon substrates. As the hydrolysis reaction progressed, the color of the membrane darkened and the formation of a thin film structure was noticed on the planar substrates. These observations confirm that the fast deposition of the spinel ferrite nanotubular structures in the presence of AAO templates is the result of the electrostatic attractions between the positive charges induced on the surface of the alumina and the negatively charged complex ions generated in the treatment solution. A schematic of the deposition process is shown in Fig. 1 .
When the treatment solution penetrates the pores of the membrane, the negatively charged species from the solution are attracted by the positively charged surfaces of the membrane. As the concentration of the negative charge metal fluoro-complex within the pores of the membrane increases, they accumulate along the inner walls whereby they undergo a slow hydrolysis leading to the preferential growth of metal oxide/hydroxide or oxyhydroxide species along the pore wall, thereby producing nanotubular structures.
(b) Structural and morphological characteristics of the transition metal ferrite nanotubes
The room temperature crystal structure of the transition metal ferrite nanotubes was investigated by powder X-ray diffraction (PXRD). As seen in Fig. 2 , the ferrite nanotubes obtained after the heat treatment at 750 C are crystalline and free of impurities phases such as Fe 2 O 3 or MO (M ¼ Co, Ni, Zn) oxides. All the reflection peaks in the XRD pattern of the ferrite nanotubes can be readily indexed into a cubic unit cell (space group Fd3m) and the refined lattice constants of 8.33 (1) A, 8.274(2) A and 8.32 (7) A for the Co-ferrite, nickel ferrite and the Zn-ferrite, respectively.
The intensity of the reflections of the nanotube powdered samples is lower than that corresponding to the bulk phase whereas the peaks are broadened due to the small size of the crystalline domains diffracting coherently the X-ray radiation. For the cobalt ferrite nanotubes samples the average grain size calculated by using the Scherer's formula 48 was 11 nm for the nanotubes obtained after 1 h and increased to 17 and 24 nm for ferrite nanotubes obtained after 2 h and 4 h, respectively. The apparent asymmetry and broadening of the peaks in the XRD pattern of the zinc ferrite nanotubes is presumably due to the lower crystallinity of the sample associated with a smaller size of the crystallites as compared to those of the other ferrite nanotubes (7.8 nm).
The composition of the ferrite nanotubes separated from the AAO membranes was determined by ICP combined with EDX analysis. The values of the M/Fe molar ratios determined by ICP analysis were 0.32/2.68; 0.66/2.34 and 1.5/1.5 for the MFe 3-x O 4 (M ¼ Co, Ni and Zn), respectively. Although in this paper we describe the synthesis of transition metal ferrite nanotubes with the particular chemical compositions indicated above, as it has been documented in the case of ferrite films obtained by the LPD method, the composition of the nanostructured spinel ferrites can be varied in a wide range by simply adjusting the molar ratio between the metal and the Fe 3+ in the treatment solution, which also allows for a fine control of their magnetic properties. 42 The FE-SEM micrographs of the ferrite nanotubular architectures after the heat treatment at 750 C are presented in Fig. 3 (a)-(i). Except for Fig. 3(h) , which shows Zn-ferrite nanotubes immobilized within the pores of the AAO membrane, all the other figures show freestanding ferrite nanotubes obtained after the removal of the AAO templates in a 6 M NaOH solution followed by the washing and drying of the nanopowders. Prior to the removal of the membranes, their surfaces were cleaned by mechanical polishing in order to eliminate the superficial metal oxide layer formed during the deposition.
All nanotubes are open-ended; they have smooth and uniform surfaces and free of defects, such as cracks or holes. The observed filling rate is 100% indicating that the ferrite nanotubular structures form via a homogeneous growth mechanism. The length of the nanotubes is 60 mm whereas the average outer diameter is 200 nm, values which are comparable to the physical dimensions of the AAO templates. One of the main advantages of the LPD method as compared by the other chemical methods used in the View Article Online template-assisted synthesis of ferrite tubular nanostructures is that the hydrolysis reactions are performed in solutions with a pH typically higher than 3.5 which prevents the etching of the AAO templates or increase the pore sizes as it was reported previously in the case of other template-assisted solution-mediated methods for the synthesis of tubular nanostructures. 39 The FE-SEM micrographs also reveal the influence of the sonication process on the orientation of the nanotubes, while the Co-ferrite nanotubes obtained by sonicating the sample during the removal of the AAO template are oriented in random directions ( Fig. 3(a) ), in the case when no sonication was used to remove the template, highly aligned nanotube arrays were obtained. In Fig. 4 is presented the mass loss profile of a sample collected by scratching the film formed after the deposition of the Co 0.32 Fe 2.68 O 4 nanotubes and then subjected to a thermal View Article Online treatment in the temperature range from 25 to 700 C under flowing N 2 . The TGA curve exhibits a very well-defined decrease in the mass of the sample with two inflection points. While the first inflection point appears at 88 C and corresponds to the elimination of the hydrated water molecules ($17.08% mass loss), the second appears at 241 C and is associated with the elimination of lattice water molecules in tandem with dehydroxylation and condensation reactions of the metal hydroxides and oxyhydroxides ($30.16% mass loss) eventually yielding the corresponding spinel ferrite. These thermal events are also observed in the DSC curve which exhibits five well defined endothermic peaks at 43, 68, 189, 272 and 692 C which are indicative of the transition from the metal hydroxide precursors to the spinel ferrite structure. In general, in conventional template-assisted sol-gel approaches metal oxide nanotubes form by the wetting the inner pores of the template with a sol and its subsequent conversion into a gel followed by a heat treatment at high temperature which makes virtually impossible the variation of the wall thickness of the nanotubes. [49] [50] [51] [52] Unlike the sol-gel routes, in the liquid phase deposition method metal oxides with different dimensionality (1-D or 2-D) form by the attachment of fine particles initially formed in solution. 42 Based on the foregoing arguments, it is reasonable to assume that nanotubes initially form near the inner walls of the template and then extend towards the inner volume of the nanopores by the attachment of fine particles initially precipitated in solution. 44 Therefore, when the deposition is performed at a particular temperature, the wall thickness of the metal oxide nanotubes can be controlled by varying the deposition time. In Fig. 5(a) -(c) are presented the TEM images of the individual Co 0.32 Fe 2.68 O 4 nanotubes with a diameter of 200 nm obtained by soaking the AAO membranes into the treatment solution for different periods of time, that is 1, 2 and 4 hours, respectively. Examination of the TEM micrographs of the Co-ferrite nanotubes presented in Fig. 5(a) -(c) clearly shows that the wall thickness increases from 10 to 16 and 21 nm with increasing the deposition time from 1 to 2 and 4 h, respectively. Moreover, the ferrite nanotubes are uniformly being composed of small, spheroidal particles with an average diameter of 4-5 nm; they possess a straight shape without holes or other defects which are oftentimes observed in oxide nanotubes obtained by sol-gel approaches which form as a result of the so-called Raleigh instabilities. 52 Fig. 5(d) represents the SAED image of the individual nanotube presented in Fig. 5(c) which exhibits a series of strong, concentric rings with a spotted appearance, which overlap perfectly the diffraction peaks in the XRD pattern thereby substantiating that the individual ferrite nanotubes are highly crystalline. The zone axis for the SAED image is the {001} crystalline direction. The high crystallinity of the nanotubes was also proved by the HRTEM analysis which suggests that the ferrite nanotubes obtained by this method are smooth and dense. The lattice fringes appearing in Fig. 5(e) correspond to an interplanar distance of 2.93 A, ascribed to the (222) family of planes of the CoFe 2 O 4 structure ( Fig. 5(e) ). A further investigation of the morphology of the individual ferrite nanotubes was performed by atomic force microscopy (AFM). By preparing a diluted solution of ferrite nanotubes and depositing it onto a Si substrate followed by the natural evaporation of the solvent, it is possible to obtain isolated nanotubes which can be probed individually by magnetic force microscopy (MFM). In Fig. 6(a) is shown an AFM image representing two Co-ferrite nanotubes attached together and deposited onto a conductive (100) Si substrate with a native SiO 2 layer.
c) Magnetic properties of transition metal ferrite nanotubes
In Fig. 6(a) and (b) are shown the hysteresis loops of the Zn 1.5 Fe 1.5 O 4 nanotube arrays measured at room temperature with the magnetic field applied parallel and perpendicular to the long axis of the nanotubes.
The Zn 1.5 Fe 1.5 O 4 nanotube arrays are saturated at H c ¼ 4 kOe and present coercivity and squareness (SQ ¼ M r /M s ) values which vary from H ck ¼ 51 Oe and SQ k ¼ 0.047 to H ct ¼ 56 Oe and SQ t ¼ 0.051 by changing the orientation with respect to the magnetic field. The absence of a noticeable difference in the coercivity values of the sample when its orientation changes from parallel to perpendicular to the magnetic field suggests that the Zn-ferrite nanotubes do not present perpendicular anisotropy and the shape anisotropy contribution is not significant to the total anisotropy of the samples. This may be due to the polycrystalline nature of the nanotubes as well as the small size and random orientation of the constituting grains. This will lead to an irregular distribution of the magnetic spins and was experimentally observed in the case of other ferrite nanotubular structures obtained by solution-based routes such as g-Fe 2 O 3 , 53 Co-ferrite 33 or Ni-ferrite nanotubes, 54 respectively. To gain a better insight into the magnetic properties of the Zn-ferrite nanotubes the magnetization of the sample was measured as a function of the temperature in both zero-field-cooling (ZFC) and field-cooling (FC) modes. During these measurements a magnetic field of H ¼ 100 Oe was applied parallel to the long axis of the nanotube arrays and the magnetization of the sample was measured in the temperature range from 5 to 300 K.
As seen in Fig. 6(d) , Zn-ferrite nanotubes are superparamagnetic at room temperature and present a maximum in the ZFC curve at T ¼ 97 K, which corresponds to the blocking temperature T B . When the sample reaches this temperature the magnetic energy of the Zn-ferrite nanotubes becomes equal to the thermal energy and the orientation of the magnetic spins is randomized by the thermal disorder. This behavior was furthermore confirmed by the measurement of the hysteresis loops at 5 K (Fig. 6(c) ), which clearly indicate a ferrimagnetic behavior of the Zn 1.5 Fe 1.5 O 4 nanotubes with values of the coercivity of H ck ¼ 1.36 kOe and H ct ¼ 1.17 kOe, whereas the remanent squareness was SQ k ¼ 0.29 and SQ t ¼ 0.26, respectively. These results are in agreement with those obtained in the case of spinel ferrite thin film structures obtained by liquid phase deposition which are also constructed by small particles and present a blocking temperature of 108 K. [42] [43] [44] Similar to the Zn-ferrite nanotube arrays, the Ni-ferrite nanotubes are superparamagnetic at room temperature, with a blocking temperature of 256 K (ZFC/FC data not shown).The hysteresis loops of the Ni 0.66 Fe 2.34 O 4 nanotubes measured at room temperature and 5 K with the magnetic field applied parallel to the long axis of the nanotubes are presented in Fig. 7 (a) and (b) . The values of the coercivity and squareness increased from H ck ¼ 73 Oe and SQ k ¼ 0.065 at 300 K to H ck ¼ 1520 Oe and SQ k ¼ 0.38 at 5 K, indicating that the Ni 0.66 Fe 2.34 O 4 nanotubular structures present a magnetic behavior similar to that observed in the case of the Zn-ferrite nanotubes.
In Fig. 8 are shown the magnetization curves of the Co 0.32 Fe 2.68 O 4 nanotubes with different wall thicknesses deposited by LPD at 45 C.
After the synthesis, the ferrite nanotubes were subjected to a heat treatment at 750 C for 6 h under a static atmosphere and the measurement of the magnetic properties was performed with non-interacting nanotubes confined within the channels of the View Article Online AAO membrane. As seen in Fig. 8 and 9 , a high magnetic field does not saturate the magnetization of the nanotube samples; this situation is similar to that reported previously in the case of iron oxide 55 and spinel ferrite 33, 54 and can be presumably ascribed to the surface disorder of the magnetic spins in these nanotubular structures. The values of the coercivity and squareness for the Co 0.32 Fe 2.68 O 4 nanotubes with different wall thicknesses are presented in Table 1 . The hysteresis loops become broader with increasing the wall thickness of the Co-ferrite nanotubes which corresponds to a monotonous increase of the coercive field. The remanent squareness of the nanotubes follows a similar pattern, although its variation is not as uniform as that observed for coercivity. Moreover, the values of the remanent squareness were consistently found to be slightly higher in the parallel direction of the nanotubes as compared to those observed for a perpendicular direction, which suggests that the easy axis of the Co-ferrite nanotubes is parallel to the long axis of the nanotubes.
In order to study the influence of the annealing temperature on their magnetic properties, a second series of Co-ferrite nanotube arrays was annealed at 850 C in air for 6 h. As seen in Fig. 9 , the Co-ferrite nanotubes are ferrimagnetic at room temperature and the values of the coercivity are almost three times higher than those of the samples annealed at 750 C. For example, H ck ¼ 288 Oe for the nanotubes with a wall thickness of 10 nm annealed at 750 C increases to H ck ¼ 958 Oe after annealing at 850 C, whereas for the nanotubes with a wall thickness of 21 nm, H ck increased from 517 Oe to 1450 Oe, respectively. This variation of the coercive field with the annealing temperature in nanotubular structures can be ascribed to the increase of the coercivity of the individual nanoparticles constructing the nanotubes, as a result of the densification and coalescence of the individual grains which eventually lead to an increase of their average diameter.
A detailed characterization of the Co-ferrite nanotubes with different diameters and wall thickness in order to elucidate the mechanism of magnetization reversal is currently underway and will be reported in a forthcoming paper. In summary, we have developed a novel, simple and highly reliable synthetic procedure for the fabrication of transition metal ferrite nanotubular structures that combines a template-assisted route with the liquid phase deposition (LPD) method. Uniform M x Fe 3-x O 4 (M ¼ Co, Ni, Zn) nanotube arrays with an average diameter of 200 nm were deposited within the pores of AAO templates by the controlled hydrolysis of metal fluoro-complexes at temperatures as low as 45 C. A subsequent heat treatment at temperatures between 750 and 850 C in air lead to the formation of the spinel structure from the stoichiometric mixtures of metal hydroxide intermediates. These structures can be obtained as freestanding nanotubes by the selective dissolution of the AAO membrane template. The wall thickness of the metal oxide nanotubes can be controlled from 10 to 21 nm by varying the deposition time. Small differences in the coercivity of the ferrite nanotubes were observed when changing their orientation from parallel to perpendicular to the magnetic field, indicating that the magnetocrystalline anisotropy is dominant and the shape anisotropy has a little influence on the magnetic anisotropy. Therefore, unlike the Ni and Zn-ferrite nanotubes, which exhibit a superparamagnetic behavior at room temperature, the Co-ferrite nanotubes are ferrimagnetic and their coercivity increases with increasing the wall thickness and the annealing temperature.
This new process opens up opportunities for the controlled synthesis of ferrite materials with nanotubular geometry, high surface area, controllable morphology and distinct magnetic properties which can be potentially used in different biomedical applications, as well as building blocks for the design of coreshell nanotubular architectures in magnetic data storage and energy conversion applications. The nanotubular structures were deposited by the LPD method and heat treated at 850 C for 6 h in air. 
